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Abstract
Due to its simplicity, versatility, and straightforward interpretation into abso-
lute concentrations, molecular absorbance detection is widely used in liquid-
phase analytical chemistry. Because this method is inherently less sensitive
than zero-background techniques such as ﬂuorescence detection, alterna-
tive, more sensitive measurement principles are being explored. This re-
view discusses one of these: cavity ring-down spectroscopy (CRDS). Ad-
vantages of this technique include its long measurement pathlength and its
insensitivity to light-source-intensity ﬂuctuations. CRDS is already a well-
established technique in the gas phase, so we focus on two new modes: liquid-
phase CRDS and evanescent-wave (EW)-CRDS. Applications of liquid-
phase CRDS in analytical chemistry focus on improving the sensitivity of
absorbance detection in liquid chromatography. Currently, EW-CRDS is
still in early stages: It is used to study basic interactions between molecules
and silica surfaces. However, in the future this method may be used to de-
velop, for instance, biosensors with high speciﬁcity.
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1. INTRODUCTION
Because of its simplicity and universality, absorbance detection may be the most-used detection
method in liquid-phase analytical chemistry. A major limitation of absorbance spectroscopy in
general is its limited sensitivity: Using this technique, one measures a small decrease in light
intensity I on a large background with intensity I0. Therefore, the sensitivity of the technique is
ultimately determined by the stability of the light source intensity I0 and the accuracy with which
I/I0 can be measured. From this point of view, a so-called zero-background technique such as
ﬂuorescence spectroscopy is much more sensitive: A small ﬂuorescence signal in an otherwise
dark environment is far easier to detect, so achievable detection limits are much more favorable
compared with absorbance detection. However, a prerequisite for ﬂuorescence spectroscopy is that
the analyte must be ﬂuorescent, whereas absorption can be measured for virtually any compound in
any solvent. Therefore, the development of direct absorption detection methods with enhanced
sensitivity remains an important goal in analytical chemistry. Moreover, absorbance detection,
described by the Lambert-Beer law, allows for a straightforward interpretation in terms of absolute
concentrations.
When developing a novel method for laser-based absorption spectroscopy as a tool in analytical
chemistry, several crucial factors should be kept in mind. First, the system should be user friendly;
for example, the optical alignment should be robust. Second, the method should be broadly
applicable in different analytical systems. Important questions are whether the detection system
can also be used with aggressive solvents or in gradient separation systems in which the liquid-ﬂow
composition is continuously changing, and whether the setup is small enough to be implemented
in bench-top analytical systems. Third, economic considerations may play a role, and elaborate
or expensive laser systems may not be feasible or even desirable.
This review explores the applicability of cavity ring-down spectroscopy (CRDS) to analytical
liquid-ﬂow systems. CRDS is an exceptionally sensitive type of absorption spectroscopy that has
been extensively operated in gas-phase studies. Recently, liquid-phase CRDS has received much
attention, and its potential in analytical chemistry has been demonstrated. It has been shown that
compared to conventional absorbance detection, the baseline noise and limits of detection (LODs)
in liquid chromatography (LC) can be signiﬁcantly improved (1–7).
Another mode of CRDS is evanescent-wave (EW)-CRDS, where the exponentially decaying
EW associated with a total internal reﬂection (TIR) is used to probe the sample. This mode of
CRDS combines the excellent sensitivity of CRDS with the surface speciﬁcity of EW spectro-
scopic techniques. As with liquid-phase CRDS, the development of EW-CRDS has only recently
begun. EW-CRDS has shown its potential in various studies of interactions of analytes with bare
silica surfaces (8–18). Modiﬁcation of the TIR surface (19) may become a useful tool for study-
ing (bio)molecular interactions and in label-free biosensing, analogous to, for example, surface
plasmon resonance spectroscopy.
1.1 Enhancing the Sensitivity of Absorbance Detection
To measure the absorption spectrum of a sample, the attenuation of light passing the sample is
measured as a function of the wavelength, quantitatively described by the Lambert-Beer law. In
liquid-phase studies, the following form is commonly used:
− log Il
I0
= ελCl . (1)
Here ελ is the molar extinction coefﬁcient at a given wavelength, Il is the intensity of light as mea-
sured after traveling a distance l through a sample with a concentration C of absorbing molecules,
14 van der Sneppen et al.
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and I0 is the intensity of light impinging upon the sample. The outcome (i.e., the absorbance) of
a conventional absorption measurement is ελCl in dimensionless absorbance units (A.U.).
A direct approach for enhancing the sensitivity of absorbance detection is the use of a longer
pathlength, as has been elegantly demonstrated using multipass arrangements such as Herriot-type
or White-type multipass cells (20, 21). However, this technique has some constraints in analytical
systems. For instance, to avoid additional bandbroadening in LC, as well as in other liquid-ﬂow
analytical techniques, the detection cell volume should not be larger than the injection volume
(22). Therefore, such multipass cells are usually too large for analytical purposes. To maintain
small detection volumes, one can use narrow liquid-core waveguides (23, 24), in which a hollow-
core optical ﬁber is ﬁlled with the sample or is coupled to an LC separation. This way, sample cell
lengths can be signiﬁcantly increased, and a cell volume of several or several tens of microliters
can be maintained.
Alternatively, different measurement schemes for laser-based nonﬂuorescence absorbance de-
tection can be used in analytical ﬂow systems (25). Thermooptical measurement schemes, such
as thermal lensing spectroscopy (26, 27), photoacoustic spectroscopy (28, 29), and degenerate
four-wave mixing (30, 31) all require that the solvent be heated upon light absorption, followed
by energy dissipation by the solute. A major drawback of these thermooptical techniques is they
cannot accommodate gradient elutions. In LC in particular, such gradients are widely applied, so
the applicability of the abovementioned measurement schemes is severely limited.
As we outline in the next section, CRDS is an elegant and sensitive mode of absorption spec-
troscopy, circumventing many of the abovementioned disadvantages. The technique was originally
developed for a goal quite different from absorbance spectroscopy. Setups for mirror reﬂectiv-
ity measurements (32, 33) serendipitously turned into a sensitive absorption detection method.
The recognition of the potential for measuring molecular properties through probing ring-down
events from an optical resonator may be considered as marking the advent of CRDS (34). Initially,
CRDS was applied only in gas-phase studies, where its excellent sensitivity levels are rivaled only
by photoacoustic spectroscopy. Reviews on gas-phase CRDS, including variants such as phase-
shift CRDS, polarization-dependent CRDS, noise-immune cavity-enhanced optical heterodyne
molecular spectroscopy, and broadband CRDS have been published (35–42).
Gas-phase applications of CRDS have matured beyond the level of laboratory spectroscopy.
Such applications include noninvasive breath analyzers, which can analyze exhaled breath directly
without the need for sampling and preconcentration or pretreatment procedures. An example
is online measurement of the 12C/13C ratio in exhaled CO2 after a patient had been given 13C-
enriched urea (a marker for bacteria causing stomach ulcers) (43). A breath analyzer for the
detection of exhaled ethane (a marker for oxidative damage to tissue, which plays a role in diseases
such as cancer and atherosclerosis) has also been developed, demonstrating that 500-ppt detection
levels are feasible (44, 45). The application of different CRDS schemes to condensed media has
recently attracted much interest (46). Later in this review, we describe some additional recent
developments of CRDS detection in the liquid phase and on surface layers.
1.2. The Cavity Ring-Down Spectroscopy Technique
The principle of CRDS is illustrated in Figure 1. The core of a CRDS setup is a cavity composed
of high-reﬂectivity dielectric mirrors; reﬂectivities can be on the order of 99.9% or even 99.99%.
The stacked reﬂective layers have a thickness of a quarter of the design wavelength, so reﬂections
from consecutive layers are in phase. Therefore, the mirrors work best at the design wavelength
and are relatively narrowbanded. Typically, a range of approximately 10% around a chosen center
wavelength can be used for meaningful CRDS measurements.
www.annualreviews.org • CRDS in Analytical Chemistry 15
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DetectionCavity
Figure 1
The principle of cavity ring-down spectroscopy (CRDS). After abrupt termination of the excitation, the light
stored in the cavity decays exponentially as it bounces back and forth between the mirrors, losing some
intensity at each reﬂection. The decay rate of the light can be measured behind the cavity.
The CRDS technique (ignoring interference) can be summarized as follows: If the entrance
mirror of a cavity has a reﬂectivity of R, a fraction (1 − R) of light incident on the mirror is trans-
mitted and enters the cavity, provided that scatter losses are negligible. After abrupt termination
of the excitation, the stored light bounces back and forth between the two mirrors, losing 1 − R at
each reﬂection (see Figure 1). Light leaking out of the cavity after each bounce results in an expo-
nential decay of light intensity exiting at the rear of the optical cavity; this decay can be detected,
digitized, and ﬁtted to an exponent. The ring-down time (1/e) is a measure of the reﬂection and
scatter losses of the cavity. When an absorber is present in the cavity, additional light is lost due
to absorption, and the ring-down time becomes shorter.
The signal measured in CRDS (a monoexponential decay) is similar to the actual phenomenon
of absorption, which can also be described by a monoexponential decay using the Lambert-Beer
law. Indeed, the absorbance can be directly derived from the measured ring-down time via
ελCl = navg L2.303c
[
1
τ
− 1
τ0
]
, (2)
where τ and τ 0 are the ring-down times in the presence or absence of analyte, respectively.
Subtraction of the baseline loss τ−10 is necessary to account for the reﬂection and scatter losses.
navg is the average refractive index if more than one medium is present in the cavity, L is the cavity
length, and c is the speed of light.
Technically, it is not the decrease in light intensity due to absorption that is measured, but
rather the decay rate of light leaking away behind a cavity. Therefore, CRDS is insensitive to
intensity ﬂuctuations of the light source. Furthermore, the multipass nature of CRDS ensures a
long effective pathlength: Light that exits from the cavity after a ring-down time τ has traversed
the sample hundreds or thousands of times, resulting in pathlengths measuring up to meters or
even kilometers. In contrast to the Herriot-type or White-type multipass cells discussed above,
the position of the traversing laser beam does not change during measurements and probes the
same sample volume on each round trip; thus, the system may be miniaturized. The absorbance
can be directly deduced from the measured τ , provided that the cavity length is known. If the
cavity is entirely ﬁlled with the absorbing medium (hence L = l ), the εC product can be measured
without having knowledge of the cavity length.
The main strength of CRDS is its excellent sensitivity; CRDS is commonly utilized in
trace analyses or for the measurement of molecular transitions with a low transition probabil-
ity. However, concentration ranges of only two to three orders of magnitude can be accom-
modated due to limitations in the dynamic range of analog/digital conversion under ultrafast
16 van der Sneppen et al.
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conditions. In effect, the amount of data that can be used for extracting a ﬁtted τ is restricted
to fewer than ﬁve decay times, irrespective of the speciﬁc value of τ . This is not a serious draw-
back: for samples with high absorbances, more conventional techniques can be considered as
alternatives.
1.3. Combining Absorbance Detection with Surface Sensitivity and Specificity
When a TIR event on an interface between two media takes place, a small portion of light
(the EW) penetrates the less dense medium. The EW decays exponentially, and the penetra-
tion depth—which is dependent on the angle of incidence, the refractive indices of the two media,
and the wavelength used—is typically on the order of one wavelength. Unsurprisingly, the EW
can be exploited for spectroscopic studies, with the advantage that only molecules present at
or near the surface of the dense medium are probed. Therefore, EW spectroscopic techniques
are surface speciﬁc and are especially suitable for the measurement of interactions occurring at
surfaces.
Because of the short effective pathlength through the sample, EW absorbance signals are
relatively weak. The inherently low sensitivity of EW absorbance spectroscopy can be enhanced
by using multiple TIR events for one measurement. This can be accomplished with attenuated total
reﬂectance (ATR) prisms (Figure 2a) (47), which usually accommodate several tens of TIR events.
However, ATR prisms commonly measure several centimeters long, so large sample volumes are
required. Another option is the use of ﬁbers or waveguides, of which part of the cladding is stripped
off to expose the core and thus the EW of the light propagating in the core (Figure 2b) (48–50).
Because waveguides can be much smaller than ATR prisms, this approach is more suitable for
miniaturization.
A third option is the use of EW-CRDS, a schematic of which is depicted in Figure 2c. In this
approach, one of the reﬂections inside the CRDS cavity is a TIR event, and only the light associated
with this TIR event is utilized for probing the sample. Advantages of EW-CRDS over the con-
ventional ATR and waveguide techniques include its multipass nature and its insensitivity to light-
source-intensity ﬂuctuations. Unlike ATR and waveguide spectroscopies, EW-CRDS lends itself
perfectly to miniaturization because the same spot at the interface (and therefore an extremely small
volume) is repeatedly probed. Some schemes of EW-CRDS also permit polarization-dependent
studies, which in turn allows for molecular orientation studies.
Evanescent waves
Light in To detector
Cladding
Core
Light in To detector
To detector
Attenuated total reflection
absorption spectroscopy
Waveguide
absorption spectroscopy
Evanescent-wave
cavity ring-down spectroscopy
Light in
a b c
Figure 2
Different modes of evanescent-wave absorption spectroscopy. (a) Attenuated total reﬂectance absorption spectroscopy. (b) Waveguide
absorption spectroscopy. (c) Evanescent-wave cavity ring-down spectroscopy. The samples, which have a lower refractive index than the
media that carry the propagating light (light blue), are placed on top of the interfaces, where total internal reﬂection occurs.
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2. CAVITY RING-DOWN SPECTROSCOPY: PRINCIPLES
AND TECHNIQUES
To use an optical resonator in a ring-down experiment, the stability criterion of a cavity must be
fulﬁlled (51):
0 <
(
1 − L
Rc
)2
< 1. (3)
Here Rc is the radius of curvature of the mirrors, and L is the cavity length. The mode structure
of a cavity is given by
ν = c
2L
[
q + (m + n + 1)
(
1
2
+ 2
π
arctan
L − Rc
L + Rc
)]
, (4)
where q is the longitudinal mode number and m and n refer to the transversal modes (52). If the
transverse modes are suppressed, the equation takes the form of the equally spaced (ν = c2L
spaced) transmission fringes of an etalon; this condition can be most easily met under confocal
conditions (L = Rc). If transversal modes are excited, and if the resonator length is sufﬁciently far
away from the confocal condition, the ﬁlling-in of transverse modes may become so dense that
the resonator becomes a white-light attenuator/transmitter (53). This condition is particularly
useful for cavity ring-down experiments, as the transmission of the resonator (and therefore the
ring-down properties) becomes wavelength independent. This behavior of the resonator was
experimentally demonstrated using a typical ring-down conﬁguration for L = 1.15Rc (54). In this
conﬁguration, all the modes contained in the output of a broadband pulsed laser equally contribute
to the ring-down phenomena: This is multimode CRDS.
2.1. Multimode Excitation
The most straightforward implementation of CRDS is multimode excitation of the cavity. In
multimode excitation, the spectral bandwidth of the laser pulse is much larger than the free spectral
range (FSR) of the cavity. The coherence length of the laser pulse must be much shorter than the
length of the cavity; this condition is usually satisﬁed through the use of a non-single-mode optical
parametric oscillator (OPO) or a pulsed dye laser. The best results are achieved if the transverse
modes of the cavity, in addition to the longitudinal modes, are also excited: Modulation on the ring-
down then washes out. Due to the white transmission spectrum of the cavity, continuous absorption
spectra can be recorded. Under such conditions, typical shot-to-shot ﬂuctuations of 1% or better
on the obtained ring-down times can be obtained. In liquid-phase studies, where absorbance
features are usually several tens of nanometers wide, spectral bandwidth does not pose a problem.
2.2. Single-Mode Excitation
If only a single transversal mode of the cavity is excited, the output-mode spectrum of the laser
and the transmission-mode spectrum of the cavity should coincide. To suppress higher-order
transversal modes, the use of a confocal cavity, as well as mode-matching, is advantageous. Because
single-mode excitation yields a purely monoexponential decay transient, decay times can be ﬁtted
extremely precisely: Standard deviations of the ring-down time are on the order of 10−4, compared
to 1% for multimode CRDS. As a result, single-mode CRDS is more sensitive than the multimode
variant.
Single-mode CRDS can be performed using a narrowband pulsed laser (55), but it is usually
carried out with continuous-wave (CW) lasers. There are a variety of approaches for single-mode
18 van der Sneppen et al.
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excitation. One option is to lock one of the modes of the cavity to the narrow bandwidth output
of a laser using a feedback loop (55). A simpler approach is to sweep the cavity length over one
FSR. The laser excitation is actively switched off when the cavity begins to transmit light (using,
for example, an acoustooptic modulator) to measure a decay transient (56–58).
2.3. Cavity-Enhanced Absorption Spectroscopy
In cavity-enhanced absorption spectroscopy (CEAS), a CW light source is used to measure the
conventional I/I0 absorbance signal (59–61). A conventional absorption spectrometer can eas-
ily be adapted for a CEAS setup with the addition of two mirrors forming a cavity around the
sample (62). The use of a laser is not mandatory: Incoherent broadband (IBB) sources such as
light-emitting diodes (LEDs) can also be used (63). Because the decrease in integrated light in-
tensity (rather than its time-resolved decay) is measured, a cheaper detection and read-out system
can be employed; a simple plug-and-play spectrometer is sufﬁcient (64). To ensure that enough
light reaches such a detector, especially when using IBB excitation, the cavity ﬁnesse should be
low. Thus, extremely high-quality mirror reﬂectivities are not essential. Using broadband exci-
tation in conjunction with a spectrometer allows for rapid measurement of a complete spectrum
without scanning. Although the effective pathlength is shorter, the multipass nature of the tech-
nique is maintained. IBB-CEAS is therefore appropriate for miniaturization as well, as the same
sample volume is repeatedly probed. However, such a low-cost approach has some disadvantages.
First, IBB-CEAS is not immune to light-source-intensity ﬂuctuations, making it inherently less
sensitive than the abovementioned multimode and single-mode CRDS techniques. Second, the
measurements must be calibrated because the effective pathlength decreases at higher analyte con-
centrations. This decrease causes deviations from linearity, but it also results in a larger dynamic
range (65).
3. CAVITY RING-DOWN SPECTROSCOPY FOR LIQUIDS
AND THIN FILMS
Inserting a condensed medium into a cavity is not an easy task. For instance, inserting a cuvette
inside the cavity requires the presence of four additional surfaces, which lead to strong reﬂection
and scatter losses. Several options to decrease these losses have been proposed. Thin ﬁlms can be
deposited on substrates that are placed under 90◦ in the cavity, as has been demonstrated for a
C60-coated substrate (66). On each pass, 4% of the light is reﬂected. However, if the substrate is
well aligned, the reﬂected light can be maintained in the cavity (i.e., the various embedded cavities
are optically stable). In another application, single-mode CRDS was used to measure an infrared
spectrum of the C–H stretching vibration of alkylsiloxane monolayer ﬁlms grafted on a silicon
substrate placed under normal incidence. The measured absorbance was position dependent; it
was maximized at the antinodes of the standing wave in the cavity, whereas it was absent at the
nodes (67). It is also possible to deposit thin ﬁlms directly onto the cavity mirrors (68), although
mirror degradation is possible; thus, irreversible deposition techniques such as ion beam sputtering
cannot be utilized.
For liquids, one can avoid using additional surfaces by (a) ﬁlling the entire cavity with liquid
[in this case, the mirrors are in direct contact with the liquid (1)], (b) placing a cuvette under
Brewster’s angle in the cavity, thus diminishing reﬂections (69), or (c) aligning a cuvette under 90◦
in such a way that reﬂection losses are maintained in the cavity (70). These three approaches have
been applied to liquid-phase CRDS studies (see Section 3.1) as well as to LC-CRDS detection
(see Section 3.2).
www.annualreviews.org • CRDS in Analytical Chemistry 19
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An appealing alternative to conventional mirror-based cavities is the use of ﬁbers. In this
approach, ﬁber-Bragg gratings act as mirrors or ﬁbers are looped upon themselves. Fiber or ﬁber-
loop CRDS can be employed for liquid-phase measurements simply by leaving a gap allowing for a
liquid ﬂow (Section 3.3). EW-CRDS (discussed in detail in Section 4) is also feasible; for example,
one can remove the ﬁber cladding and expose the ﬁber core to the sample (see Section 4.3).
3.1. Liquid-Phase Cavity Ring-Down Spectroscopy Measurements
In the ﬁrst demonstration of liquid-phase CRDS (69), a spectrum of the ﬁfth overtone of the
C–H stretch vibration of benzene was recorded, demonstrating this method’s excellent sensitivity
compared to that of conventional absorbance spectroscopy. The authors inserted one or two
standard cuvettes into the cavity under Brewster’s angle. Because the interfaces involved (from
air to glass and from glass to liquid) have different Brewster’s angles, reﬂection losses could not
be fully prevented, but they could be minimized by placing the cuvette under some intermediate
angle in the cavity. As expected, the angle of the cuvette required optimization after every change
in the refractive index of the liquid (69).
As mentioned above, intracavity surfaces can be circumvented by ﬁlling the entire cavity with
liquid (1, 71, 72). Importantly, early studies using a liquid-ﬁlled cavity revealed that the mirror
reﬂectivities did not exhibit degradation when in contact with the liquid and that neither stirring
nor applying a continuous ﬂow posed a disadvantage. The signal-to-noise ratio was comparable
to the Brewster’s-angle cuvette approach mentioned above (1, 69). In subsequent studies, the
repetition rate of the system was increased from 10 Hz (1) to 10 kHz using a CW-CRDS approach
(71, 72). Whereas one may expect a signal-to-noise ratio improvement of a factor of 30 (from the
1000-fold increase of the repetition rate), the investigators obtained only a threefold increase. This
modest increase may be due to signal averaging prior to ﬁtting: Because the speed of data transfer
and handling is commonly limited to several kilohertz, traces must be averaged on the read-out
system prior to data transfer and handling (1, 71, 72), which results in loss of information.
Liquid-ﬁlled cavities have been utilized for studying the reduction kinetics of methylene blue
by ascorbic acid (71). A concentration of only 3 nM of methylene blue was sufﬁcient for obtain-
ing a reliable reduction curve (71, 72). Although the reduction of methylene blue is a relatively
slow process (measurements were performed on a timescale of minutes), CRDS detection can
also be used for studying the reaction kinetics of short-lived species such as the NO3 radical (73).
In this study, nitrate radicals were photoinduced by photolysis inside a cuvette placed under
Brewster’s angle in a linear cavity. At the same time, the reaction of the nitrate radicals and
monoterpenes was followed online by monitoring the absorbance decrease. For terpene solutions
with various concentrations, the monoexponential ring-down curve in the absence of the photol-
ysis pulse was compared to the biexponential ring-down curve measured in the presence of the
photolysis pulse. Thus, the ﬁrst-order reaction rate constant was determined (73).
As an alternative to introducing liquids into a cavity without the need for intracavity surfaces
or direct contact with the mirrors, one can utilize a ﬂowing liquid sheet-jet in a linear cavity (74).
A favorable baseline noise level of 0.5 × 10−7 A.U. was obtained, resulting in a 71-nM LOD of a
good absorber in a ﬂow of 3.4 ml s−1. Unfortunately, the high ﬂow rates and viscosity necessary for
creating a stable liquid ﬂow, as well as the unfavorable optical pathlength through the jet, restrict
the use of a ﬂowing liquid-sheet jet in analytical systems.
With some minor adjustments, a commercial bench-top double-beam absorption spectrometer
utilizing a xenon arc lamp was rebuilt as an IBB-CEAS setup (65). Two mirrors, forming a stable
linear cavity, were placed in the probe beam. A third mirror with a transmission equal to that of the
cavity was placed in the reference beam, resulting in a sensitivity for the IBB-CEAS measurements
20 van der Sneppen et al.
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that was 10-fold greater than that of the conventional single-pass measurements (65). Its baseline
noise level (approximately 10−5 A.U.) was comparable to that of a similar system utilizing LEDs for
excitation and a small-scale spectrometer (64). The use of mirrors with relatively low reﬂectivities
(approximately 99%) was found to be advantageous for the sensitivity of the measurement, as more
light reaches the detector. Such low-reﬂectivity mirrors are applicable over a broader wavelength
range; thus, IBB-CEAS is suitable for recording broad absorption features (64, 75). Sensitivities
obtained with CEAS using a CW laser can even be slightly better than those obtained with pulsed
multimode CRDS (76, 2): Using a microliter-sized liquid-ﬁlled cavity, a baseline noise level of
2 × 10−6 A.U. was obtained (76), and subnanomolar concentrations of bacteriochlorophyll a were
detected. However, such a setup does not beneﬁt from the main advantages of CEAS, namely its
simplicity and its applicability to a broad wavelength range.
3.2. Cavity Ring-Down Spectroscopy for Liquid Chromatography Detection
Many LC analyses aim to obtain a highly resolved chromatogram and to determine the retention
times of the various analytes at low concentration levels. Rather than scanning the wavelength, one
monitors the absorbance at a particular wavelength in a continuous ﬂow (see Figure 3). Because
sample sizes in analytical chemistry are often on the order of several microliters to nanoliters,
and to prevent bandbroadening, detection volumes in LC should be microliter sized or smaller.
Relatively large liquid-ﬁlled cavities (1, 71–73) or liquid-sheet jets (74) thus cannot be used.
Furthermore, LC detection cells should permit a continuous, preferably laminar ﬂow. The three
different approaches for introducing a liquid into a cavity (discussed above) have also been adapted
for use in LC with CRDS detection (see Figure 4). Zare and colleagues (2, 3) designed a ﬂow-cell
with the correct Brewster’s angle for all four interfaces. The feasibility of using a liquid-only cavity
(5, 6) as well as a commercial ﬂow-cuvette under 90◦ (7) has also been demonstrated.
Utilizing the Brewster’s-angle ﬂow-cell (see Figure 4a), both pulsed multimode CRDS at
10 Hz (2) and single-mode CW-CRDS at approximately 30 Hz (3) have been performed. As
expected, the single-mode variant is the most sensitive: The peak-to-peak baseline noise in LC
separations was only 2 × 10−7 A.U., whereas that for multimode CRDS was 3.2 × 10−6 A.U.
Figure 5 depicts the chromatogram obtained for the separation of a test mixture of anthraquinones
with CW-CRDS detection. The baseline noise is shown to be much better than that obtained with
the commercial detector; however, because of the unfavorable pathlength of the Brewster’s-angle
ﬂow-cell (0.3 mm, compared to 10 mm for the commercial absorbance detector), the obtained
concentration detection limits do not show signiﬁcant improvement (3). The Brewster’s-angle
ﬂow-cell depicted was designed for liquids with one speciﬁc refractive index. Hence, the use of a
gradient elution (where the refractive index is continuously changing) would adversely affect the
baseline noise and the sensitivity of the system. However, refractive indices of most common LC
solvents are similar, and this effect would probably be small.
It has been shown that for liquids commonly used as solvents in LC, direct contact with high-
reﬂectivity mirrors does not adversely affect their reﬂectivities, and there appear to be no long-term
exposure effects (1). These observations formed the basis for the development of a liquid-only
cavity that can be used as a detector in LC studies (see Figure 4b) (4). The baseline noise of the
pulsed multimode CRDS setup is comparable to that obtained by the Zare group (2), but due to the
larger optical pathlength through the sample, more favorable LODs (on the order of 15- to 20-nM
injected concentrations) are obtained (Figure 3) (2, 3, 5). The cavity length measures only 2 mm;
the ring-down times are therefore short, necessitating a short instrumental response function (e.g.,
the use of a picosecond laser and a fast detector). Fortunately, with the speed of currently available
detection and read-out systems, this is not a serious constraint. The advantage of a system in which
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Figure 3
The principle of cavity ring-down detection in liquid chromatography. Ring-down traces are recorded and
ﬁtted online during elution of the eluent-containing separated components, resulting in a chromatogram.
The sample is a mixture of three azo dyes: direct red 10 (b), benzopurpurin (c), and chlorazol azurin (d ). The
ﬁrst peak (a) on the chromatogram represents an impurity present in direct red 10 dye. Each dye has a
concentration of 300 ppb; the measurement wavelength is 532 nm. The complete experiment is described in
Reference 5. Abbreviation: A.U., absorbance units.
the round-trip time is fully utilized for probing the sample is that repetition rates, in principle, can
be increased up to the megahertz range, thus increasing the signal-to-noise ratio and the sensitivity.
Because most analytes absorb in the ultraviolet range, it is essential to test CRDS detection
not only in the visible range, but at shorter wavelengths as well. The main challenge faced when
using CRDS at shorter wavelengths is the poor quality of the available mirrors. Lower mirror
reﬂectivities are accompanied by even shorter ring-down times, so the liquid-only cavity approach
is not suitable. Ring-down times can be elongated by increasing the round-trip time, for instance
by placing a cuvette inside a relatively long linear cavity (Figure 4c). The reﬂectivity of the
mirrors at 355 nm was still sufﬁcient for using the liquid-only cavity, and as expected, the system’s
performance was a factor of 10 lower than that in the visible range (5, 6). The baseline noise
obtained for LC-CRDS detection using the ﬂow-cuvette at 355 nm was comparable to that of the
liquid-only cavity at the same wavelength, but the LODs were slightly better due to the longer
optical pathlength through the sample (10 mm instead of 2 mm) (6, 7). Although the principle
of LC-CRDS could have been experimentally extended to wavelengths of 273 nm, the available
mirrors at these deep-ultraviolet wavelengths, compared to those of conventional LC absorbance
22 van der Sneppen et al.
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a b c
n = 1.46
n = 1.33
Figure 4
Three geometries for implementing cavity ring-down spectroscopy as a detector in liquid chromatography.
(a) The Brewster’s-angle ﬂow-cell in a linear cavity. (b) A miniature liquid-only cavity. When in operation,
the left and right segments holding the mirrors are clamped leak-tight around the silicon rubber ﬂow-cell.
(c) A commercial ﬂow-cuvette in a linear cavity. Brewster’s-angle ﬂow-cell adapted from Reference 2.
detectors, were too low in reﬂectivity (R ≥ 99.91%) to improve sensitivity (7). Future advances in
mirror-coating technology may improve the sensitivity of CRDS in the deep ultraviolet.
3.3. Optical Fiber Cavities
Optical ﬁbers that are looped upon themselves can act as an optical cavity. Light is coupled into and
out of the ﬁber loop using commercially available input and output couplers. A liquid ﬂow-cell
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Figure 5
Continuous-wave–cavity ring-down spectroscopy (CW-CRDS) detection of the separation of a test mixture
of anthraquinones (0, solvent peak; 1, alizarin; 2, purpurin; 3, quinalizarin; 4, emodin; 5, quinizarin) compared
to a state-of-the-art commercial ultraviolet-visible absorbance detector with a pathlength of 10 mm (33
times longer than the Brewster’s-angle ﬂow-cell). Reproduced with permission from Reference 3. To account
for the pathlength difference, the detection with CW-CRDS (a) is compared to the detection of sample
that was 33 times diluted in the ultraviolet-visible detector (b). Copyright 2005, American Chemical Society.
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can easily be inserted into this cavity via a commercially available splice connector; the index-
matching ﬂuid of the splice connector is replaced by the sample to be measured (77). Because the
capillaries commonly used in capillary electrophoresis (CE) have much smaller volumes than do
LC columns, their detection cell volumes are subject to even more severe constraints. Because of
the small dimensions of ﬁber cores, the volumes of these detection cells can be made as small as
several picoliters, thereby allowing for CE detection (78).
The principle of liquid-phase ﬁber-loop systems can be combined with various modes of CRDS,
such as phase-shift CRDS (79). In this mode, the phase-shift of a sinusoidally intensity-modulated
CW laser (rather than a ring-down transient) is measured after stopping the excitation of the
optical resonator. This technique is somewhat similar to CEAS in that the total transmitted light
is used for the measurement. Because the absorption measurement is based on the phase-shift of
this integrated light, phase-shift CRDS is less sensitive to light-source-intensity ﬂuctuations than
is CEAS. LODs using the phase-shift ﬁber-loop CRDS are on the order of several micromolars
for a strong absorber—a 45-fold improvement over the pulsed ﬁber-loop CRDS setup, where a
ﬂow-cell with a 10-times-shorter optical pathlength was used (77, 79).
Phase-shift ﬁber-loop CRDS has been applied as a detector in CE (80). Injections of differ-
ent dye concentrations in a continuous ﬂow demonstrate that the response of the phase angle
is linearly dependent on concentration, with LODs on the order of several micromolars. To
test the performance of ﬁber-loop CRDS detection in an actual CE separation, different con-
centrations of the protein human serum albumin (HSA) were noncovalently bound to a dye at
a ﬁxed concentration. The resulting mixtures containing unbound dye and dye-labeled HSA
were separated, revealing a submicromolar LOD for the labeled HSA (80). Another option is
excitation with a tunable gain-switched diode laser delivering picosecond pulses followed by de-
tection of a ring-down transient, but this technique resulted in less favorable detection limits
(81).
4. EVANESCENT-WAVE CAVITY RING-DOWN SPECTROSCOPY
CRDS measurements can be straightforwardly combined with surface speciﬁcity if one of the
reﬂections in the cavity is a TIR event and if only the EW associated with this TIR event is used for
probing the sample. Because introducing a TIR surface into a cavity is quite similar to introducing
a liquid, one can utilize similar approaches. The most elegant solution for minimizing reﬂection
losses at intracavity surfaces is discussed in detail in Section 4.1: Reﬂection losses are circumvented
altogether by using a so-called folded resonator, a prism with the cavity mirrors deposited on the
entrance and exit faces. The cavity-stability criterion can be fulﬁlled by spherically polishing one
of the prism surfaces, such as the TIR surface.
Alternatively, one can use a prism with entrance and exit faces at 90◦, thus maintaining reﬂection
losses in the cavity. A third option is to utilize a conventional 45◦ Dove c© prism with a high-
quality antireﬂective coating. Finally, minimization of reﬂection losses can be achieved by using
a Brewster’s angle for the entrance and exit faces. The different approaches involving intracavity
prisms are discussed in Section 4.2.
A major advantage of using EW-CRDS with the ring or folded resonators and the prism with
90◦ entrance and exit faces is the ability to determine the average orientation angle of molecules
that are adsorbed to the TIR interface by measuring the difference in absorption between p- and
s-polarized light. Because the intracavity 45◦ antireﬂective Dove prism and the Brewster’s-angle
prism are optimized for one polarization only, these geometries cannot be used for molecular
orientation studies.
24 van der Sneppen et al.
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4.1. Evanescent-Wave Cavity Ring-Down Spectroscopy
Using Folded Resonators
Following the development of a monolithic resonator (82), Pipino et al. (8) designed a ring res-
onator suitable for EW-CRDS measurements (Figure 6a). The polarization-dependent absorp-
tion of I2 (deposited from saturated iodine vapor on one of the silica TIR faces) was measured
at 580 nm. An impressive minimum detectable surface coverage of 0.006% of an I2 monolayer,
as well as the average orientation angle of the iodine molecules, was determined (9). The optical
losses of the ring resonator caused by the absorption of the resonator material (Heraeus Suprasil c©
fused silica) decrease signiﬁcantly upon shifting to the near-infrared, where fused silica is the most
transparent. Whereas the round-trip intrinsic loss is between 500 and 100 ppm in the wavelength
range of 450 to 580 nm, it is less than 40 ppm in the near-infrared (9, 83). To demonstrate the
broad applicability of the ring resonator in the latter wavelength region, the ﬁrst and second
OH-stretching overtones of HNO3 adsorbed on silica were measured in the wavelength range of
1212 to 1653 nm. The excitation source was a broadly tunable Nd:YAG-pumped OPO, and the
complete spectrum was measured in a single run without changing the measurement setup (83).
An alternative to the monolithic ring resonator is depicted in Figure 6b. Here, the entrance
and exit faces of a 45◦ prism are covered with high-reﬂectivity coatings. The design and optical
alignment of this system are relatively straightforward. However, it has a disadvantage: It lacks
wavelength tunability, as the high-reﬂectivity coatings are narrowbanded. In a proof-of-principle
experiment, the iodine measurement on the ring resonator (described above) (9) was repeated
using a folded cavity with mirror coatings centered at 520 nm (10). The optical round-trip losses
of the system, as well as the minimum detectable iodine surface coverage, were comparable to
that of the ring resonator in the wavelength range of 490 to 540 nm. In a subsequent study using
a folded cavity with mirror coatings centered at 1652 nm, the ﬁrst C–H stretching overtones
a b
Ring-down
signal out 
Laser pulse in  
Convex TIR surface 
Laser pulse in   
PZT
PZT
Ring-down
signal out 
Convex TIR surface 
EWs
200-nm 
airgap
Figure 6
(a) A total internal reﬂection (TIR) ring resonator (adapted from Reference 8). One side of the fused-silica
cube is spherically polished in order to maintain a stable cavity. In one round trip, the laser pulse strikes the
three ﬂat surfaces and the spherical surface so that the two sides without incoupling and outcoupling prisms
can be used for measurements. (b) Schematics of a folded resonator for evanescent-wave cavity ring-down
spectroscopy (EW-CRDS) measurements (adapted from Reference 84). The mirrors are coated directly on
the entrance and exit faces of a 45◦ prism, thereby avoiding optical losses. The TIR surface of the prism is
equipped with a convex superpolish in order to maintain a stable cavity.
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of trichloroethylene and cis- and trans-dichloroethylene were probed, and the absolute surface
coverages as well as the average molecular orientations were determined (85).
An advantage of the folded cavity is the straightforward alignment of the system, which allows
good measurements even if the sample is isolated from the excitation source and the detection
system (e.g., in an ultrahigh vacuum or in a low-humidity chamber). Using mirror coatings cen-
tered at 1205 nm, the 2νOH + δOH vibration-combination bands of surface hydroxyls as well
as of surface-bound water were probed (84). The observed polarized 2νOH + δOH doublet,
assigned to the geminal surface hydroxyls [Si–(OH)2 groups], indicated the presence of an ex-
tended H-bonded network of the germinal hydroxyls. Furthermore, in addition to these crystalline
β-crystoballite (1,0,0)–like domains, a weak peak assigned to a tilted surface hydroxyl species in-
dicated the presence of fewer crystalline (1,1,1)–like domains. Upon exposing the relatively dry,
quasi-crystalline surface to a high-humidity surrounding, an ordered monolayer of water formed
on the surface (84). This study convincingly demonstrated that EW-CRDS has sufﬁcient sensitiv-
ity for detecting monolayers, but the results regarding the observed extended network of geminal
and isolated hydroxyl groups are less deﬁnite. In this case, the fully hydroxylated surface was
crystalline. However, a less-crystalline partially or fully hydroxylated surface (e.g., an amorphous
silica or quartz surface) can be expected to behave quite differently (86). In both cases the sur-
face will be fully hydroxylated; in fact, the exact structure of the silica surface (partially or fully
β-crystoballite or quartz) will depend on the history of the sample and on the hydroxylation
procedure applied.
The same folded resonator with mirror coatings centered at 1205 nm has been utilized as an
in situ probe for measuring dangling bond defects during growth of a hydrogenated amorphous
silicon (a-Si:H) thin ﬁlm on the TIR surface of the resonator (87). Such ﬁlms play an important role
in the development of low-cost ﬂexible solar cells, but mechanistic insight into the exact growth
mechanism of the deposited ﬁlms is limited. The surface radical sites (the so-called dangling bonds)
are generally believed to be growth sites for the thin ﬁlm; the absorption of these surface dangling
bonds, as well as of bulk dangling bonds, was probed with the folded resonator. It has been shown
that the creation rate of the surface dangling bond during thin-ﬁlm growth was 60 times too small
to account for the actual growth rate (87).
The folded resonators designed by Pipino (9, 10, 85, 87) for gas-phase studies utilize a reﬂection
angle at 45◦; this angle does not provide for TIR when a liquid is placed on the TIR face of
the prism, due to the increased refractive index of the liquid frustrating the TIR phenomenon.
A straightforward adjustment of the resonator design, for example using a 70◦ folded cavity,
would allow for liquid-phase EW-CRDS studies. As of now, however, no such studies have been
performed. As we discuss in the next section, liquid-phase EW-CRDS measurements are currently
performed using intracavity elements with relatively high losses, implying that the baseline noise
is usually not better than 10−4 or 10−5 A.U.
4.2. Intracavity Elements for Evanescent-Wave Cavity Ring-Down Spectroscopy
The most straightforward implementation of an intracavity element involves an off-the-shelf,
commercially available BK7 Dove prism. Reﬂection losses at the 45◦ entrance and exit faces can
be minimized with a high-quality antireﬂection coating (the best available antireﬂection coatings
have a reﬂectivity R ≤ 0.25%). A liquid ﬂow-cell can be clamped leak-tight onto the TIR face
of the prism. In the experimental demonstrations performed to date, only 10% of the original
ring-down time of the empty linear cavity was retained after insertion of this Dove prism (11, 18).
This geometry has been employed to study the adsorption kinetics of crystal violet (a positively
charged dye) to the negatively charged silica surface (11). Although this study was performed using
26 van der Sneppen et al.
A
nn
ua
l R
ev
ie
w
 o
f A
na
ly
tic
al
 C
he
m
ist
ry
 2
00
9.
2:
13
-3
5.
 D
ow
nl
oa
de
d 
fro
m
 ar
jou
rna
ls.
an
nu
alr
ev
iew
s.o
rg
by
 V
RI
JE
 U
N
IV
ER
SI
TE
IT
-A
m
ste
rd
am
-L
ib
ra
ry
 o
n 
06
/1
8/
09
. F
or
 p
er
so
na
l u
se
 o
nl
y.
ANRV395-AC02-02 ARI 13 May 2009 12:51
a pulsed multimode CRDS, sensitivity was slightly improved in a follow-up study that employed
a broadband CW laser and a repetition rate of 6 kHz (12).
Because much of the optical loss is caused by intracavity reﬂections, the use of Brewster’s
angles for entrance and exit faces is expected to lead to considerable improvements (15). However,
for this geometry similar baseline noise levels (10−4 A.U.) were obtained. Brewster’s-angle geo-
metry has been used to probe the molecular adsorption and the thermodynamic properties of
(competitive) binding of neutral and charged dyes to the silica surface (15). A potential medical
application of EW-CRDS is the rapid diagnosis of hemoglobinurea by measuring the adsorption
of hemoglobin, which is present in the urine of hemoglobinurea patients, to the silica interface.
Using this technique, one can detect concentrations of hemoglobin as small as 6 nM (13). An
elegant way to probe the interfacial pH (which may be different from its bulk value) is through the
covalent attachment of a pH-sensitive dye containing a triethoxysilane group to the silica surface.
Titration of the surface inﬂuences the measured absorbance, allowing the interfacial pH to be
probed (88).
As noted above, the antireﬂection coating on standard Dove prisms is only optimized for one
polarization. Also, for Brewster’s-angle prisms the reﬂection goes to zero for one polarization
only. Consequently, these geometries cannot be used for polarization-dependent studies. For
this purpose, a geometry with 90◦ entrance and exit faces can be utilized. Baseline noise levels
on the order of 0.3 × 10−4 (17), 0.5 × 10−4 (89), and 3 × 10−4 (14) A.U. (all determined with
pulsed multimode CRDS) can be achieved, and both polarizations can be used, enabling molecular
orientation studies (14, 17, 89).
The molecular orientation of methylene blue at the air/silica interface can be measured after
deposition of a methylene blue solution followed by solvent evaporation (89). For low coverage—
up to one-ﬁftieth of a monolayer—the molecules lie almost ﬂat on the surface, whereas they
become more vertically oriented for higher surface coverages. For hemoglobin, investigators have
studied both the adsorption from a static solution and the orientation of the adsorbed molecules
(14). The orientation of the hemoglobin molecules changes during prolonged adsorption. Initially,
an average tilt angle of 54.8◦ was measured; this angle increased to 57.9◦ during the course of
the experiment (14). The initial value is close to the apparent orientation of 54.7◦ for randomly
oriented molecules (the so-called magic angle) (89), which suggests that a random orientation is
observed at the beginning of the adsorption process.
Silica surfaces can contain two types of silanol groups: 80% of the hydroxyl groups on hy-
droxylated surfaces are vicinal (SiOH), and 20% are geminal [Si(OH)2]. The adsorption isotherm
of crystal violet to silica can therefore be ﬁtted to a two-site Langmuir equation (16); thus, two
types of saturation densities and adsorption equilibrium constants are obtained. Such a two-site
adsorption isotherm is not observed for small molecules that seem to interact with only one silanol
group exclusively (15). For crystal violet, the average orientation of the molecules depends on the
surface coverage and thus on the molecules’ distribution between the two different sites (17).
In the aforementioned study (16), the positively charged crystal violet adsorption was employed
for the indirect characterization of the negatively charged silanol groups, but crystal violet was
also used in a study demonstrating that the amount of adsorption depends on the composition
of the liquid on the prism surface (18). Most adsorption studies at the silica surface share the
disadvantage that elaborate cleaning procedures must be performed after each measurement (12,
14, 17). However, in analytical chemistry, a better system would be one that can be applied
during repeated measurements. It has been demonstrated that the addition of an organic modiﬁer
(in this case, methanol) to the liquid ﬂow ensures a reversible chromatography-like adsorption
process (18), thereby minimizing contamination or degradation. The same surface can be used
over a prolonged time (days) without cleaning or realignment. In addition, superpolishing of the
www.annualreviews.org • CRDS in Analytical Chemistry 27
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TIR face did not result in a decrease of scatter losses, as these losses are primarily the result of
intracavity surfaces. Unexpectedly, the amount of crystal violet adsorption was found to be lower
on the superpolished prism. This may be because a larger surface area provides more binding
sites for crystal violet. Another possibility is that on a rough surface, the liquid ﬂow is turbulent,
rather than laminar, which ensures more efﬁcient exchange between crystal violet molecules in
the solution and on the surface.
To date, EW-CRDS has been utilized mainly for studying adsorption kinetics and the molec-
ular orientation of molecules at the silica surface. However, EW-CRDS is an extremely powerful
technique and has many potential applications that have not yet been explored. One such applica-
tion is the investigation of polymer/solvent interactions (90). When a polydimethylsiloxane ﬁlm
is placed on the TIR face of the prism, both the delamination and the additional scattering due to
methanol diffusion in the ﬁlm can be monitored (90).
Another promising application of EW-CRDS is the study of gold nanoparticle adsorption and
aggregation kinetics at the silica/water interface (91). Gold nanoparticles can easily be synthe-
sized using a citrate or borohydride reduction; the metastable colloidal solutions—which have
an absorbance maximum in the visible range, where the surface plasmons of the particles are
excited—then aggregate at the TIR surface. A refractive index sensor is obtained by immobilizing
0.32 of a colloid monolayer on the surface and subsequently monitoring the shift in surface plas-
mon resonance frequency at two different interrogation wavelengths. Refractive index changes of
0.3 × 10−5 can be detected (91, 92).
EW-CRDS can also be used in combination with other analytical techniques such as elec-
trochemistry (16). This combination was accomplished by bringing an electrode close (25–250
μm) to the surface and electrogenerating strongly absorbing (at the measurement wavelength)
Fe(CN)3−6 from weakly absorbing Fe(CN)
4−
6 ions. This setup allowed in situ monitoring of con-
centration changes accompanying electrochemical processes. After applying a step voltage, the
time-dependent concentration changes of Fe(CN)3−6 were followed in real time. Increasing the
electrode–prism surface distance results in a longer EW-CRDS time because the electrogenerated
species must diffuse into the EW-CRDS-probing volume (16).
Ultimately, EW-CRDS may prove to be a valuable tool in label-free biosensing. As discussed
above, aspeciﬁc EW-CRDS biosensing has already been demonstrated (13). This study exploits
the fact that the positively charged hemoglobin molecules in a urine sample attach to the bare silica
surface. However, any positively charged protein will aspeciﬁcally bind to the silica and the number
of applications with silica surfaces as such is limited. A possible design for a EW-CRDS biosensor
is schematically depicted in Figure 7. An important feature of this biosensor is that the TIR face of
the prism should be modiﬁed. The modiﬁed prism should remain stable after prolonged exposure
to a liquid ﬂow, and the monolayer on the prism surface should not adversely affect the ring-down
signal. Modiﬁcations such as the covalent attachment of a self-assembled monolayer (e.g., using
trichloro- or triethoxyorganosilanes) or gel (e.g., a polycarboxylate hydrogel) that does not absorb
at the measurement wavelength are useful for this purpose.
In an important exploratory study, Mazurenka et al. (19) demonstrated the feasibility of using
modiﬁed prism surfaces in EW-CRDS. Although the aggregation of citrate-reduced gold colloidal
solutions on the prism surface has been reported in the literature (91), the authors could not
reproduce this aggregation, possibly because there were differences in the experimental procedures
utilized. To facilitate the aggregation of the negatively charged colloids on the surface, the surface’s
polarity was reversed by prior aggregation of a positively charged poly-l-lysine layer. Although
this type of surface modiﬁcation relies on electrostatic interactions, no degradation of the surface
monolayer was observed on repeated ﬂushing with pure water (19). Addition of diluted colloidal
solutions resulted in the deposition of a submonolayer of colloid particles on the surface, showing
28 van der Sneppen et al.
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(a) A ﬂow-cell is clamped leak-tight onto a surface-modiﬁed prism. Possible surface modiﬁcations are depicted in panels b and c.
Bioactive molecules [in this case immunoglobin G (IgG) antibodies] are immobilized on the surface. Speciﬁc interactions with
molecules, such as the binding of antigens to the immobilized antibodies, can be detected.
that even submonolayer densities can readily be detected. Multilayer deposition was achieved by
repeating the poly-l-lysine deposition/colloid deposition steps on the same surface (19).
4.3. Evanescent-Wave Cavity Ring-Down Spectroscopy Using Fiber Cavities
Light traveling over a large distance in optical ﬁbers attenuates as a result of processes such as
absorption, scattering, and coupling into the cladding. Processes such as ﬁber bending or hydrogen
diffusion in the ﬁber cause additional attenuation of light. With ﬁber CRDS or ﬁber-loop CRDS,
one can measure losses other than direct absorption. In addition, when a part of the ﬁber cladding
is removed, the exposed ﬁber core acts as an EW-sensing region.
Forces applied to the ﬁber cladding cause additional ﬁber losses, a phenomenon that has
been utilized in the development of a ﬁber-loop ring-down pressure sensor (93). Alternatively, by
introducing a biconical tapered region into the ﬁber loop, one can devise a ﬁber ring-down strain
gauge (94). This device is similar to the pressure sensor: Bending the biconical taper causes an
attenuation of the transmitted light, which allows the application of strain to be measured.
A ﬁber cavity is obtained when the two ﬁber ends (equipped with ﬁber-connector facets) are
covered with high-reﬂectivity mirror coatings (95–97). Ring-down times thus obtained appear to
depend on the degree of bending (95), which allows measurements of bending loss (97). Examples
demonstrating the feasibility of EW sensing include (a) the measurement of the decrease in ring-
down time during hydrogen ﬂuoride etching (95) and (b) the measurement of hydrogen diffusion
out of a ﬁber after loading the ﬁber in a hydrogen atmosphere (96). The H2-loaded ﬁber showed
a distinct absorption spectrum compared to the “clean” ﬁber (96).
Using specialized mirror coatings on ﬁber ends is not only expensive, it results in relatively
high light losses: Reﬂections from the dielectric mirrors can be coupled in the cladding rather
than the core. As an alternative approach, Gupta et al. (98) constructed a ﬁber cavity using two
ﬁber-Bragg gratings. To test the performance of this ﬁber cavity, the authors manufactured an
EW-sensing region and induced optical losses by varying the refractive index of the surrounding
medium, demonstrating a sensitivity 100 times higher than that of a single-pass measurement (98).
A ﬁber-loop cavity with a biconical tapered region has been used for measuring an over-
tone absorption of 1-octyne, into which the biconical taper was dipped (99). Comparison with a
www.annualreviews.org • CRDS in Analytical Chemistry 29
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Figure 8
(a) Microscope image of cells adsorbed to the biconical taper. (b) Decrease in ring-down time as a function of
the number of cells adsorbed to the taper. Reproduced with permission from Reference 100. Copyright
2005, American Institute of Physics.
low-resolution absorption spectrum recorded with a single-pass Fourier transform infrared spec-
trometer (utilizing a pathlength of 1 mm) showed qualitative agreement. In another study (100),
detection of single cells adsorbed to the poly-l-lysine coated biconical taper was demonstrated.
Cells that are adsorbed to the taper (Figure 8a) gave rise to scattering of the evanescent ﬁeld, thus
decreasing the ring-down time (Figure 8b); even the adsorption of a single cell could be detected
(signal-to-noise ratio of 5).
5. FUTURE TRENDS AND PERSPECTIVES
CRDS, an exceptionally sensitive mode of absorption spectroscopy, is an increasingly valuable
tool in liquid-phase analytical chemistry. It has already been shown that CRDS can signiﬁcantly
improve the sensitivity in LC absorbance detection in the visible range. Unfortunately, currently
available mirrors are still insufﬁciently reﬂective to improve the performance in the ultraviolet
range below 300 nm, where most analytes absorb. However, progress in mirror-coating technology
is expected to bring about further improvements.
There are three main schemes for CRDS detection in LC: (a) a liquid-only cavity, (b) a ﬂow-
cuvette at 0◦ in a linear cavity, and (c) a Brewster’s-angle ﬂow-cell in a linear cavity. Because most
LC studies make use of gradient ﬂow systems in which the eluent composition is continuously
changing, the detection scheme utilized should be insensitive to refractive index changes. Fiber-
loop CRDS is especially useful where small detection volumes are involved, for example in capillary
electrophoresis. Ultralow ﬂow-cell volumes can be easily obtained using commercially available
splice connectors.
The development of CW-CRDS promises to further improve sensitivity. Using this method,
the repetition rate of the measurement can in principle be increased dramatically so as to strongly
enhance the signal-to-noise ratio. However, due to the current speed of data transfer and process-
ing, the repetition rate remains limited to approximately 1 kHz. When higher repetition rates are
employed, multiple curves are averaged before data transfer; handling thus reduces the sensitivity.
Currently, attainable baseline noise levels using CW-CRDS are only slightly better than those
of conventional pulsed multimode CRDS schemes. The development of faster analog-to-digital
conversion, ﬁt algorithms, and data transfer promises to signiﬁcantly improve the sensitivity of
CW-CRDS.
30 van der Sneppen et al.
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A drawback of CRDS is that narrowbanded high-reﬂectivity dielectric mirrors must be used:
The usable wavelength range is typically only 10% of the design wavelength. However, analytical
absorbance detection sensitivity has already been improved through the use of a laser wavelength
tuned 13 nm off the design wavelength of 470 nm, which suggests a certain freedom in the choice
of the measurement wavelength.
Especially promising are current developments in IBB-CEAS, as this technique utilizes mirrors
with a lower reﬂectivity but a broader wavelength range. Obtaining spectral information over a
broader range of wavelengths is especially useful in condensed-media studies, where absorbance
bands are usually much broader than in the gas phase. Surprisingly, the lowest (steady-state) LOD
obtained for a convenient and affordable liquid-phase IBB-CEAS geometry (using a narrowband
LED and a 99% mirror set) is only ﬁve times poorer than the LOD obtained using a more elaborate
laser-based pulsed multimode CRDS as an LC detector at a single wavelength. Fiber-loop CRDS,
which does not make use of mirrors at all, also has great potential. Unfortunately, the ﬁbers are
only transparent in the red and near-infrared, thus limiting ﬁber-loop CRDS measurements to
those wavelengths.
Although the ﬁrst exploratory experiments were performed more than a decade ago, the num-
ber of EW-CRDS studies in analytical chemistry remains limited. However, publications on the
feasibility of, for instance, the combination of electrochemistry with EW-CRDS or remote in situ
EW-CRDS sensing during thin-ﬁlm growth demonstrate that EW-CRDS has the potential to
become a useful and versatile tool. It is an especially appealing approach in that it combines the
surface speciﬁcity of EW techniques with the excellent sensitivity of CRDS. To date, however,
most studies concerning EW-CRDS used intracavity prisms, which, unfortunately, are prone to
reﬂection and scatter losses, thus limiting the detection sensitivity. In the near future, the sensitiv-
ity will increase signiﬁcantly when designs with inherently less scatter and reﬂection losses, such
as a folded cavity or a ﬁber-loop cavity, are employed.
Although EW-CRDS is relatively new, EW absorption spectroscopy techniques such as wave-
guide spectroscopy and ATR spectroscopy are more mature. These techniques can also be com-
bined with other spectroscopies, such as Raman and TIR ﬂuorescence spectroscopy. Furthermore,
many studies on chemically modiﬁed surfaces have been reported. Their basic principles are quite
similar to those of EW-CRDS. Nonetheless, up-to-date EW-CRDS experiments are still limited
to interaction studies of (bio)molecules with the bare silica surface. The application of existing
knowledge concerning modiﬁcations of the TIR surface or the combination of various spectro-
scopies is currently underutilized. For instance, covalent attachment of monolayers to the TIR
surface may provide insight into interactions with surfaces other than silica. Ultimately, the immo-
bilization of biomolecules on the surface may facilitate biospeciﬁc label-free EW-CRDS detection.
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